Introduction
Fuel cells, especially those operating directly on fossil fuels, constitute a promising technology for electricity generation because of their high efficiency and lower emission.
Direct carbon fuel cells (DCFCs) have the added advantage of consuming an abundant and relatively cheap fuel that can be derived directly from coal, as well as their potential for enabling the separation of CO 2 from the products without extra equipment or energy penalty. DCFCs are classified according to the electrolyte, i.e., molten hydroxide [1, [3] [4] [5] [6] , molten carbonate [7] [8] [9] [10] [11] or solid oxide electrolyte [12] [13] [14] [15] [16] [17] [18] [19] , although combining molten carbonate and solid oxide electrolyte has also been suggested [20] [21] [22] . In this paper, we focus on solid oxide electrolyte DCFC (SO-DCFC). SOFCs operate at high temperature hence by improving the electrochemical reactivity as well as the ion diffusivity through the electrolyte, and do not suffer from liquid electrolyte consumption and corrosion. On the other hand, operating at high temperature can increase the thermal stresses and possible material degradation.
The anode reaction mechanism of the SO-DCFC is more complicated than in the gasfueled counterpart. This mechanism has been investigated in several studies. Nakagawa and Ishida [12] placed charcoal in the fuel chamber of a solid oxide fuel cell, 5 mm away from the anode and used nitrogen as the anode gas carrier. They ran the cells at 1075, 1180 and 1275 K.
Using the experimental results, they concluded that the electrochemical reactions were driven by the carbon monoxide produced via charcoal gasification according to the following reactions:
Reaction 1, the Boudouard reaction, is the carbon gasification reaction responsible for production of CO, while Reaction 2 is the electrochemical oxidation reaction of CO, which takes place at the anode triple phase boundary (TPB). Reaction 3 is the electrochemical reduction reaction at the cathode. Gür and Huggins [13] proposed an oxidation mechanism using an experiment in which they placed solid carbon adjacent to an yttria-stabilized-zirconia (YSZ) tube with platinum coated electrodes, and introduced helium as the anode gas. The temperatures of cell and carbon fuel were controlled independently.
In the experiments mentioned above, carbon can hardly be electrochemically oxidized directly (as in ), and therefore the anode reactions that determine the cell performance are reactions 1 and 2, together. In the absence of an external gasification medium such as CO 2 , the products of the electrochemical reaction act as a gasification medium. Moreover, in a typical SO-DCFC, the temperature of the carbon fuel is the same as that of the cell, ranging from 600 to 1000 o C [14] . As reported in our previous work [23] , reactions 1 and 2 strongly depend on temperature. The carbon gasification reaction is slow below 800 o C and hence it is likely to be the rate-limiting step determining the overall performance of DCFC.
It has been widely demonstrated that alkali metals are effective catalysts for carbon gasification [24] [25] [26] [27] [28] . Those metals have been used in coal gasification to raise its rate at lower temperatures. In a series of experiments, Lee and Kim [29] measured the catalytic activities of alkali and transition metal salts. Moulijn and Kapteijn [30] proposed a possible structure of the active intermediates for the K-catalysis and demonstrated the catalytic process pathways. Using molecular dynamics calculations, Chen and Yang [31] developed a unified mechanism for dry and wet carbon gasification by CO 2 and H 2 O, respectively, using alkali metals as catalysts. They reported two kinds of oxygen intermediates/complexes dispersed in the alkali metal clusters, which could explain the observed phenomena that a catalyst changes the gasification rates without changing the activation energy. Struis et al.
[32] and Huang et al. [33] suggested simplified models for catalytic carbon gasification processes and analyzing the kinetic behavior of metal catalyzed gasification.
There has been less effort to develop elementary reaction mechanisms for modeling carbon catalytic gasification, which is essential to better understand its role in improving the DCFC performance. In this paper, potassium was used to accelerate carbon gasification . A series of experiments were conducted using potassium salt embedded in the carbon fuel, while fixing the temperature of the fuel cell to 750 o C and varying that of carbon fuel from 700 to 850 o C, in order to determine the impact of catalytic gasification on the DCFC performance. A comprehensive elementary reaction mechanism of carbon catalytic gasification was introduced based in part on the work in Refs. [31, 34, [39] [40] [41] .
Kinetic data for the model were obtained by fitting the model to the experimental results.
Combined with the SO-DCFC model proposed by our group [36] [37] , the performance of the cell was simulated to gain insight into the relative roles of gasification and electrochemistry, and to determine the impact of bed geometric design on the power density and carbon utilization.
The study reported in this paper utilizes a finite size carbon bed as the fuel, and examines the impact of the bed size on the power density and other cell performance characteristics as a function of time. As will be shown, given that the electrochemically active component here is CO, which is produced by the dry gasification of the carbon bed, and since the gasification rate depends on the bed geometry, the cell performance also time dependent. Moreover, conditions under which a steady performance can be achieved for a finite period of time are also explored.
In Section 2, we describe the experimental apparatus used to collect gasification kinetic and cell performance data. In Section 3, models for the gasification kinetics and the fuel cell performance are briefly described. Section 4 shows experimental and simulation results, as well as discussions regarding factors controlling cell performance.
Conclusions are summarized in Section 5.
Experiment

Experimental setup
An anode-supported SOFC button cell fabricated by SICCAS (Shanghai Institute of Ceramics, Chinese Academy of Sciences) was used in this study. It consisted of a nickel/yttria-stabilized zirconia (Ni/YSZ) anode support layer (680µm), a nickel/scandiastabilized zirconia (Ni/ScSZ) anode active interlayer (15µm), a ScSZ electrolyte layer (20µm), and a lanthanum strontium manganite (LSM)/ScSZ cathode layer (15µm). The diameter of the cathode layer was 1.3cm and that of other layers was 2.6cm.
To examine the effect of catalytic gasification on the SO-DCFC performance, the carbon fuel and the button cell were separated to avoid possible carbon direct electrochemical oxidization. Figure 1 (a) and (b) show schematics of the test equipment.
Located at the end of two coaxial alumina tubes, the button cell was supported by a horizontal alumina plate which was constrained by springs. The alumina plate with a hole in the middle on the anode side offered a channel for the anode fuel gases. A platinum (Pt) mesh was used as cathode current collector. The oxidant flowed into the inner tube to the cathode and passed through the porous Pt mesh. A Ni felt (thickness 2 mm) was fixed to the anode support layer with silver paste to collect the anodic current.
The carrier/gasification gas was introduced into the carbon bed, which was contained in another alumina tube. For both the anode and cathode, Pt wires were used as voltage and current probes. The horizontal alumina plate had a through-hole of the same diameter as the cell cathode, and it was used to constrain the carbon bed. The layout of the carbon bed is exhibited in Figure 1 (a). The carbon fuel was placed in another small quartz tube under the button cell. A porous plate sintered of quartz sand was fixed to the quartz tube.
The carbon fuel, quartz wool and corundum ceramic chips were placed on the plate sequentially. The anode gas flowed into the small quartz tube, through the porous plate, carbon fuel, quartz wool, alumina chips and finally to the button cell anode. The quartz wool and corundum ceramic chips were used to prevent the carbon fuel powder from being blown away by anode gas.
The device was enclosed in a quartz tube and heated by a furnace to the required temperature. Pure H 2 passed through the chamber for 1 h to fully reduce the anode at a flow rate of 50sccm (Standard Cubic Centimeter per Minute).
Catalyst addition and fuel preparation
Commercial carbon black (Black Pearls 2000, GP-3848, Cabot Corporation, USA), with 94.61% pure carbon, was used as a fuel, and it was crushed to a size of 150-200µm.
Analytical reagent grade potassium carbonate was used as the catalyst precursor. The catalyst was added by impregnation, at a ratio of metal atom to carbon of 1:10 by weight.
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The preparation of the carbon fuel and the K additive proceeded as follows: A sample of K 2 CO 3 was stirred in de-ionized water. Next, an air-dried carbon black sample was added to the solution, stirred for 5 hours and kept for 24 hours. The sample was then dried at 
Potassium catalytic carbon gasification experiment
The lower part of Figure 1 is the total consumption of solid carbon from the bulk fuel via gasification, is calculated using the following expression: [3] where is the total mass of carbon within CO gas and stands for the overall carbon mass within the initial carbon fuel. was introduced on the cathode side. After being reduced by pure H 2 at a flow rate of 50sccm, the fuel cell working voltage was kept at 0.7V throughout the testing process.
Finally, the cell current density was measured by a four-probe method using an electrochemical workstation (IM6ex, Zahner--Elektric GmbH, Kronach, Germany).
Fig. 2 Standard procedure used in the fuel cell test experiment
Model development
Proposed potassium catalytic carbon gasification mechanism
The potassium catalytic carbon gasification mechanism proposed in this paper is reduced from mechanisms published in literature [31, [40] [41] . The reaction parameters are shown in Table 1 . The elementary reactions R.1 to R.5 are the gasification mechanism without a catalyst developed by Lee et al. [40] [41] . The remaining elementary reactions involving the potassium catalyst are based on the unified mechanism of alkali catalytic gasification reactions of carbon proposed by Chen and Yang [31] . Kinetic data for the reactions without a catalyst are partly taken from [41] . The data for the catalytic reactions (R.6-R.8) in Table 1 were determined by matching the prediction to our experimental gasification data. In the gasification experiments, the conditions were chosen to resemble those in a thermogravimetric analysis (TGA) experiment, that is, the thickness of carbon bed was less than one millimeter and the inlet flow rate of CO 2 was as high as 40sccm.
Therefore, the reactions were assumed to be kinetically limited. 
SOFCs elementary reaction mechanism
The heterogeneous SOFCs elementary reactions mechanism shown in Table 2 is the same as that used in our previous papers [34] [35] [36] [37] [38] . Both the carbon gasification mechanism without a catalyst and the SOFCs electrochemistry mechanism have been experimentally validated before in similar experimental setups.
Model calculations were performed using the finite-element commercial software COMSOL MULTIPHYSICS®. The button cell performance was calculated at a given cell voltage (instead of a cell current). The average current density at the given voltage was derived from the local ionic current density in the electrolyte. For a detailed description of the gasification and SOFC membrane-electrode assembly (MEA) models, see Ref. [35] [36] [37] [38] . In the gasification model, the species transport equations and momentum equation of the flow in a porous medium (using Darcy's law) were integrated throughout the carbon bed, while the source terms were evaluated using the applied gasification reactions mechanism. The SOFC MEA model consists of the species transport equations describing the flow through the porous electrodes, the charge balance equation (ion transport throughout all cell layers and electron transport through the two electrodes) described by Ohm's law, and the electrode electrochemistry described by the
Results and discussion
Model calibration and validation
The mechanistic model of the SO-DCFCs without a catalyst, based on the elementary kinetics for gasification and the MEA model for the fuel cell, was calibrated and validated in our previous work [37] .
In order to verify the proposed potassium catalytic carbon gasification mechanism, gasification experiments described in Section 2.3 were conducted first. Figure 3 depicts the experimental results concerning carbon conversion via gasification. Table 1 are shown in lines.
The kinetics data obtained by fitting the experimental measurements to the mechanism shown in Table 1 Figure 5 exhibits the carbon conversion ratio and the gas composition immediately before the anode and above the carbon bed as shown in Figure 1 (a), both for CO and CO 2 . As distinct from the gas fueled cell in which there is a steady supply of gaseous fuel, the solid fuel supply and hence the gaseous fuel supply to the anode in our DCFC is finite.
The anodic gas composition and performance of the DCFC depend on the degree of carbon bed consumption, which increases during the gasification process. Therefore, given the finite solid fuel supply, the performance of the DCFC cannot be characterized simply by a simple polarization curve because of the process unsteadiness . The carbon conversion in the SO-DCFC system was evaluated as follows: A sensitivity analysis to the carbon gasification reactions was conducted by comparing the relative change of the maximum power density when increasing and reducing the reaction rate by 20 percent. Figure 6 shows the modeling results, which indicate that the catalytic gasification reaction R6 , is the key gasification reaction whose contribution far exceeds the other two non-catalytic reactions R1 and R2 [34] .
Further analysis reveals that the rate of potassium salt catalyzed reaction R6 is two orders of magnitude faster than that of R1. However, the contribution of both of these reactions (R1 and R6) is theoretically the same from the perspective of gasification mechanism:
functioning as the starting point of the gasification chain by producing the vital intermediates: namely the oxygen complexes and gaseous CO. The gas species distribution in the carbon bed and the fuel cell anode are shown in Figure   7 . Results indicate that carbon conversion is much lower in the bed closer to the inlet even though the local CO 2 concentration there is higher. The reason is that fast consumption of CO by the fuel cell on the opposite side of the carbon bed accelerates the gasification reactions and shifts the Boudouard reaction toward producing more CO. 
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Effect of fuel cell voltages and carbon bed geometry
To examine the performance of the SO-DCFC system over a spectrum of operating conditions, simulations were performed at different operating voltages: 90%, 80%, 70%, 60% 50% and 40% of the OCV (the OCV is 0.916V based on using CO as a fuel), at 750 o C for both the carbon bed and fuel cell. Figure 8 shows the modeling results regarding the cell power density and carbon utilization. Here, carbon utilization is defined by the following expression: (4) where is the bed radius, the is current density, stands for the net production rate of CO in carbon bed, m is the mass of carbon bed, S gc represents specific area of the carbon particle and H is the carbon bed height. 
Reaction, the net rate of carbon consumption equals to half of the net production rate of CO, resulting in a net production rate of CO per unit bed height being .
Therefore, the total net production rate of CO can be obtained by integrating along the carbon bed height, and used as the denominator in the carbon utilization expression.
As expected, the fuel cell power density depends on the operating voltage, rising as the voltage decreases until it reaches a maximum (a characteristic of other SOFCs as well). Figure 8 indicates that the power density P is close to its maximum when the cell working voltage is lower than 50% of the OCV. Meanwhile, carbon utilization continuously increases as the cell voltage decreases, consistent with the rise in the power density, reaching close to 50% at its own maximum which occurs at voltage slightly below 50% of the OCV. Therefore, it may be concluded that operating the fuel cell at 50% of the OCV constitutes an optimal choice with respect to both high power density and carbon utilization. Overall, this is consistent with our previous conclusion for the case without using a gasification catalyst [34] .
The SO-DCFC is modeled as a one-dimensional system, neglecting variations in radial direction, and hence the carbon bed height is an important carbon bed geometric characteristic that should impact the cell performance. Simulations were performed for different bed heights while keeping all other parameters constant. Figure 9 depicts the power density for different carbon bed heights, all at a fixed operating voltage of 50% of the OCV (the optimized value determined above) and temperature is 750 o C for both the carbon bed and fuel cell. It is clear that a thicker carbon bed improves the cell performance; not only the power density is higher, it is also more stable for a longer period of time. However, it
should be noted that the power output will drop beyond a certain bed height, and for the case considered here, a height of about 0.05m achieves maximum power at the early stages. Nevertheless, heights beyond 0.05m, maintain the power density almost constant for much longer periods of time since it helps keep the supply of CO steady. It is not clear why the power reaches a maximum at 0.05 m and why it first grows to a maximum and then gradually decreases.
Apart from the carbon bed height, the bed bulk porosity is another important geometric factor that should impact the power through the gasification rate and CO production. Figure 10 shows the relationship between power output and the initial carbon bed porosity. By changing the initial carbon bed bulk porosity while keeping the bed mass constant (and hence increasing its height) in the model, the power density variation with time is predicted and plotted. It is apparent from the enlarged view that, at the early stages, the power density drops slightly while increasing the initial carbon bed bulk porosity. The impact of the bed porosity diminishes at longer times. This is interesting because, theoretically, higher porosity is expected to reduce the diffusion impedance, which should lead to better cell performance, but the opposite is observed. One reason is that higher porosity reduces the specific surface area available for the contact between gasification medium and carbon fuel. Since catalytically assisted gasification is mostly determined by reaction kinetics, this may turn out to be the dominant effect. At constant bed mass, higher porosity means larger carbon bed height, so the residence time increases with porosity or bed height.
The competition of these effects leads to the slight decline in power density, at higher initial porosity.
Conclusion
In this paper we show experimentally that a potassium salt catalyst speeds up carbon gasification resulting in much higher power density when used in a SO-DCFC. In the experiments, the power density of SO-DCFC with potassium carbonate infused in the carbon bed is about five times higher than that without a catalyst. Therefore, adding such a catalyst is a promising alternative to lower the carbon gasification temperature so as to match the fuel cell temperature without degrading the performance. A reduced elementary reaction mechanism for potassium catalytic carbon gasification is proposed and its kinetic data are calibrated using experimental measurements. This makes it possible to build a set of elementary reactions library for SO-DCFC system involving catalytic carbon gasification processes.
While this work shows that, conceptually, using a gasification catalyst can improve the performance of a DCFC, future work should consider the thermal integration of the gasification process and the electrochemistry. While gasification reactions are endothermic, electrochemical oxidation reactions at these high temperatures are exothermic, and some of the heat generated by the latter can be used by the former. Extra heat may be required and that should be considered in the system design. Moreover,
given the degradation observed in the cell performance as more carbon is consumed, continuous carbon feeding should also be considered. b For k 2 and k 4r , the activation energy is fitted to the normal distribution because the activation energy for species in the two reactions is not the same all through the carbon surface sites:
